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Abstract 
RATIONALE: Stable isotopes analysis (SIA) is a powerful tool to estimate dietary links 
between polar zooplankton. However, the presence of highly variable 12C-rich lipids may 
skew estimations as they are depleted in 13C relative to proteins and carbohydrates, 
consequently masking carbon signals from food sources. Lipid effects on pteropod-specific 
values requires examining, since accounting for lipids is rarely conducted among the few 
existing pteropod-related SIA studies. It is currently unclear whether lipid correction is 
necessary prior to SIA of pteropods.  
METHODS: Whole bodies of three species of pteropods (Clio pyramidata f. sulcata, Clione 
limacina antarctica, and Spongiobranchaea australis) sampled from the Southern Ocean 
were lipid-extracted chemically to test the effects on 13C and 15N values (n=38 individuals 
in total). We determined the average change in 13C values for each treatment, and compared 
this offset with those from published normalization models. We tested lipid correction effects 
on isotopic niche dispersion metrics to compare interpretations surrounding food web 
dynamics.  
RESULTS: Pteropods with lipids removed had 13C values up to 4.5‰ higher than bulk 
samples. However, lipid extraction also produced higher 15N values than bulk samples. 
Isotopic niche overlaps between untreated pteropods and their potential food sources were 
significantly different from overlaps generated between lipid-corrected pteropods and their 
potential food sources. Data converted using several published normalization models did not 
reveal significant differences among various calculated niche metrics, including standard 
ellipse and total area.  
CONCLUSIONS: We recommend accounting for lipids via chemical extraction or 
mathematical normalization before applying SIA to calculate ecological niche metrics, 
particularly for organisms with moderate to high lipid content such as polar pteropods. 
Failure to account for lipids may result in misinterpretations of niche dimensions and overlap 
and, consequently, trophic interactions.  
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Introduction 
Stable isotopes analysis (SIA) has emerged as a powerful tool for elucidating food web 
structure, including estimates of dietary niche breadths and degree of overlap for co-
occurring species1,2. The most commonly used stable isotope ratios in ecological studies 
make use of samples that are relatively enriched in the heavier isotopes of carbon and 
nitrogen, with values denoted as 13C and 15N, respectively3. 13C values vary between 
different basal food sources, and show relatively little fractionation (~ 1‰) between trophic 
levels 4,5 while 15N values typically shows greater trophic fractionation (~ 1-4 ‰)5,6. SIA 
can be an effective means for estimating the origins of consumer dietary sources and their 
trophic positions within food webs, but the method has limitations. Importantly, it is not 
known whether and how standardization (or the lack thereof) of treatment protocols for 
SIA7,8 affects the interpretation of trophic patterns such as niches and their overlap.  
 
Comparison of 13C values must take account of the potential effect of lipids, particularly 
when comparing samples with different lipid contents (e.g. different tissues and/or species). 
Lipids are depleted in 13C (~ 2 to 8 ‰) relative to proteins and carbohydrates5, and can be a 
potential source of error in ecological studies if left uncorrected for. The presence of lipids 
can lower 13C values from animal tissues possessing relatively high lipid content (i.e. lipid 
content > 5%, mass C:N ratios > 3.59), and mask the 13C  values derived from diet10. 
Zooplankton obtain lipids from food and they can also synthesize them via de novo 
biosynthesis11; these biosynthesized lipids can have different 13C values from those obtained 
through diet12. This is of particular importance when analyzing zooplankton from polar 
environments, such as pteropods, which have been shown to exhibit unique lipid biochemical 
adaptations11,13,14 that vary both seasonally and latitudinally15. Among pteropods the highest 
lipid concentrations have been recorded for the polar gymnosome (unshelled) Clione 
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limacina, which possess fat reserves that permit them to survive long periods of food 
limitation during seasonally low abundances of their preferred prey, the thecosome (shelled) 
pteropod Limacina sp.16,17. 
 
Lipid removal is routinely achieved through chemical extraction (eg. chloroform/methanol)18 
prior to SIA, enabling the standardization of 13C values across all samples9. However, 
chemical extraction can be time-consuming, costly, may alter 15N values, and adversely 
affect other sample-processing steps, including acidification used to remove inorganic 
carbon19. Mathematical normalization models provide an alternative to the chemical removal 
of lipids from tissues; they are based on the relationship between bulk (uncorrected) C:N 
ratios and 13C values and have been shown to predict 13C values for other polar marine 
organisms8,15. Polar zooplankton-focused studies8,15 have measured significant depleting 
effects of lipids on isotopic ratios and recommend correcting for these effects prior to further 
analyses. To our knowledge, no studies have tested these effects on the isotopic ratios of 
polar pteropods.  
 
This study investigates the effects of lipid removal on carbon and nitrogen stable isotope 
ratios in pteropod assemblages from the Indian sector of the Southern Ocean. We extracted 
lipids from three pteropod species and sought to determine (1) whether 13C and 15N values 
from chemically extracted tissues differed from those from untreated tissues, (2) if 
mathematical normalization models were effective in correcting for lipids, and (3) if isotopic 
niche dispersion metrics were sensitive to chemical lipid-extraction and/or mathematical lipid 
correction.  Few studies have employed SIA with Southern Ocean pteropods and, among 
them, fewer have accounted for lipids17,20, making between-study comparisons problematic. 
Given the essential roles of pteropods in contributing to deep sea CO2 sequestration
21, and 
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providing top down control on phytoplankton and smaller zooplankton concentrations22, there 
is urgency to perform climate impact assessments on a relatively understudied organism 
highly sensitive to changes in ocean temperature and chemistry23,24.  We hypothesize that 
lipid extraction will result in a statistically significant increase in 13C values relative to 
values from untreated samples that will consequently lead to significantly different outcomes 
in isotopic niche estimations. 
 
Materials and Methods 
Sampling of pteropods and POM 
Mesozooplankton were sampled with a Rectangular Midwater Trawl 8 (RMT8) (mesh size: 
4.5 mm, mouth area: 8 m2, Nitex nylon, Australian Filter Specialists, Huntingwood, NSW, 
Australia), equipped with a flow meter, and towed obliquely from the surface to 200 m. The 
ship speed during plankton net tows was 2-2.5 knots for an average duration of 45 minutes. 
Thecosome (shelled) and gymnosome (naked) pteropods were counted and identified to 
species level. One species of thecosome, Clio pyramidata f. sulcata (hereafter C. 
pyramidata), and two species of gymnosomes, Clione limacina antarctica (hereafter C. 
antarctica) and Spongiobranchaea australis, were separated into cryotubes, then stored in 
liquid nitrogen prior to analyses. Size-fractionated particulate organic matter (POM) was 
collected through large volume sequential filtration from the ship’s underway water supply (~ 
5 m depth), prescreened with an upstream 47 mm-diameter, 1 mm filter mesh for zooplankton 
removal, then collected onto 25 mm-diameter Sterlitech silver membrane (pore size = 1.2 
µm; Sterlitech Corporation, Kent, WA, USA) and Nitex filters (pore size = 210 µm; Genesee 
Scientific, San Diego, CA, USA). Particles were analyzed for two size fractions: ‘large’ >210 
µm, and ‘small’ <210 µm. [See Schallenberg et al25 for further details on sampling POM.] 
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Sample preparation and lipid extraction 
Subsamples from the same sampling site and date were replicated in order to compare values 
with and without lipid extraction (LE). Prior to SIA, all pteropod samples were rinsed in 
filtered seawater and weighed. Whilst previous research recommends acidifying thecosome 
pteropods to remove carbonate content that could otherwise bias stable isotopes results8, the 
pressure from the RMT8 sampling method completely stripped entire shells from most C. 
pyramidata samples, and any shell fragments remaining on others were easily removed using 
forceps. As a result, we did not need to acid-treat our samples prior to further analyses. 
 
Quantitative lipid extractions were conducted using a one-phase methanol/chloroform/Milli-
Q water  (2:1:0.8 v/v/v; modified from Bligh and Dyer26, following Phleger et al14) overnight 
extraction. This was followed by additional methanol/chloroform/Milli-Q water solution 
(final ratio of 1:1:0.9 v/v/v) to allow phases to break. The lower lipid phase was removed and 
the upper mixture was filtered down to a pellet and dried for 24 hr at 60 °C to remove 
remaining solvents. Non-lipid-extracted (“bulk”) samples and POM sample filters were also 
dried for 24 hr at 60 °C. After oven-drying, individual dry weights of both bulk and lipid-
extracted samples were recorded. Small discs were punched from POM filters, and individual 
pteropods were ground to powder using an agate mortar and pestle, then all were weighed 
into tin cups in preparation for isotopic analysis. 
 
Stable isotopes analysis 
For pteropods, bulk and LE carbon and nitrogen stable isotope ratios were obtained using an 
automated Elementar vario PYRO cube analyser (Elementar Analysensysteme GmbH, 
Langenselbold, Germany) coupled with a continuous flow IsoPrime100 isotope ratio mass 
spectrometer (IsoPrime Ltd, Cheadle Hulme, UK); for POM, samples were analyzed using a 
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Thermo Scientific Flash 2000HT elemental analyser (Thermo Fisher Scientific, Bremen, 
Germany) interfaced with a Thermo Fisher Delta V Plus IRMS  through a Thermo Fisher 
Conflo IV. SIA of pteropods was conducted at the Central Science Laboratory (CSL), 
University of Tasmania (Hobart, Tasmania, Australia), and for POM, at the Australian 
Nuclear Science and Technology Organisation (ANSTO) in Lucas Heights, Sydney, 
Australia. Isotopic ratios were expressed in delta () notation and reported as parts per 
thousand (‰) relative to isotopic reference standards, Vienna Pee Dee Belemnite (for carbon) 
and atmospheric air (for nitrogen)4. To measure instrument stability, analytical precision, drift 
correction, and linearity performance at CSL, in-laboratory working standards of 
sulfanilamide, repeated every 6th sample, produced a standard deviation better than ±0.1‰ 
for both isotope ratios. At ANSTO, POM isotopic data are reported relative to IAEA 
secondary certified standards, with a standard error of analysis to 1 standard deviation (SD) 
measured at ± 0.3 ‰. The carbon and nitrogen percentages were converted to atomic C:N 
ratios (%C/%N x 1.6667). The average standard deviation on triplicate measurements made 
from randomly selecting pteropod specimens was calculated as 0.15‰ for 13C values and 
0.19‰ for 15N values.  
 
Mathematical normalization and model comparison 
The goal of a mathematical normalization model is to assess whether C:N ratios can be used 
as a predictor of the effect of LE on 13C values. This is typically achieved using paired 
samples (extracted versus untreated) at an individual level, and the relationship between the 
extraction effect at the individual level (∆13C) and C:N ratio (prior to LE) is used to ‘correct’ 
bulk samples. However, the small body size of our pteropod specimens meant that we were 
unable to subdivide them to enable direct comparison of the effect of LE within the same 
specimen. In lieu of testing treatment effects within the same individual, or duplicate aliquots 
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of pooled individuals possessing potentially high individual variability that would otherwise 
be lost, we compared average bulk with chemically lipid-extracted 13C values of individuals 
from the same sampling sites. We achieved this through linear modeling the 13C values by 
treatment method to estimate the mean effect of extraction (lm function in R).  This 
simplified approach statistically compares averages and provides an estimate of the effect of 
LE on 13C values.  
 
We compared our corrected 13C values with those obtained from published normalization 
models. We first selected a variation of a standardized mathematical protocol10 specific to 
fish tissues that was updated for freshwater zooplankton samples by Kiljunen et al27. This 
model estimates the effect of lipids on non-lipid extracted 13C values by first calculating a 
lipid factor (L) from bulk C:N ratios (by mass): 
 
 𝐿 =
93
1 +  [0.246 ×  (C: Nbulk) − 0.775]−1
 (1a) 
 
which is then applied to the following formula to calculate lipid-extracted 13C values (13CLE 
values): 
 
 13CLE =  
13Cbulk + 𝐷 ×  (𝐼 +  
3.9
1 +  287 𝐿⁄
) (1b) 
 
In this model, D is the average difference between the 13C values of lipid extracted and bulk 
samples (representing the difference between lipids and proteins) and I is a constant. Kiljunen 
et al27 used values of 7.018 and 0.048 for D and I, respectively. 
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The second model was developed by Logan et al28 through comparing chemically- and 
mathematically-corrected collections of marine fishes and aquatic invertebrates. Like the  
Kiljunen et al model27, this model assumes a non-linear relationship between bulk C:N ratios 
(by mass) and ∆13C values: 
 
 
13CLE =  
13Cbulk + 𝛽0 +  𝛽1 ln(C: Nbulk) 
(2) 
 
where the values that we used for 0 (-2.06) and 1 (1.91) are parameter estimates specifically 
applied to all invertebrate species tested28.  
 
Post et al9 developed the following normalization model based on a strong positive predictive 
relationship between bulk C:N (by mass) and ∆13C values, estimated from a large variety of 
aquatic animal taxa: 
 
13CLE =  
13Cbulk −  3.32 + 0.99 × C: Nbulk 
(3) 
 
 
The fourth model is based on a mass balance model29 that was updated by Smyntek et al12 for 
freshwater zooplankton that incorporates both lipid-extracted and bulk atomic C:N ratios as 
well as D to estimate 13CLE values: 
 
13CLE =  
13Cbulk + 𝐷 ×  [
(C: Nbulk −  C: NLE )
C: Nbulk
] (4) 
 
where D was estimated by Smyntek et al12 to be 6.3; and for C:NLE, we employed the average 
values that were empirically obtained for each pteropod species (Table 1). 
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Finally, we investigated the mass balance-based model developed by Syväranta and Rautio15 
for polar aquatic zooplankton: 
 
13CLE =  
13Cbulk +  7.95 × [
(C: Nbulk − 3.8)
C: Nbulk
] (5) 
 
where mass C:Nbulk ratios were used.  
 
We applied these mass balance normalization models to our data and statistically compared 
the predicted results of each model with ours using a one-way ANOVA (base function in R). 
This allowed us to compare mean 13C values and ∆13C (the change in 13C values from 
bulk to corrected) values generated from data converted by our average offset value and by 
the several published normalization models. This was followed by a Tukey’s Honest 
Significant Difference test (base function in R) to determine which published mathematical 
normalization model produces mean corrected 13C and ∆13C values not significantly 
different from our calculated average offset value. 
 
Statistical analyses 
Data analyses were conducted using the statistical software R, version 3.4.030. We used the 
Shapiro-Wilk’s (function in base R) and Levene’s (from the car package, version 3.0-031) 
tests on bulk and LE isotopic ratios (13C and 15N values) to measure normality and 
homogeneity of variance, respectively. A one-way multivariate analysis of variance 
(MANOVA; manova function in base R) was used on bulk and LE 13C and 15N values (as 
dependent variables) to test for species and treatment effects (as independent variables). 
Where not otherwise specified, variability is expressed in standard deviations (SD). 
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To test the effect of lipid correction on isotopic niches, we followed an analytical procedure 
similar to that of Choy et al32, who measured the effects of lipid extraction on the 13C values 
of beluga whales and prey using niche dispersion metrics as response variables. For each 
species, we tested the null hypothesis that the mean Euclidean distance between each centroid 
calculated from each of the niche breadths, estimated from the lipid corrected and 
unpublished bulk datasets, did not differ from zero. Null distributions were generated by 
using the residual permutation procedure (RPP) and were then used for comparison with test 
statistics33. The resultant empirical P values (the rank percentile of observed differences 
between groups) were compared with those generated using Hotelling’s T2 test. RPP and 
Hotelling’s T2 tests were performed following Turner et al.33  
 
The total and standard ellipse areas (TA and SEA, respectively) of each pteropod species and 
their potential food sources (POM fractions for C. pyramidata and C. pyramidata for C. 
antarctica and S. australis) were estimated using Stable Isotope Bayesian Ellipses in R 
(SIBER) version 2.1.3 package34. SIBER generates bivariate standard ellipses and convex 
hulls for isotopic niches. We also measured the proportion of dietary niche overlapping 
between species using the R package nicheRover version 1.035, which produces probable 
pairwise comparisons between the niche region of each species combination within a 
Bayesian framework. The niche region of a species is considered to be the 95% probability 
that a species will be located within isotopic bivariate space, and the niche overlap is defined 
as the 95% probability that the niche region of one species will overlap with another. 
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Results 
Effect of lipid-extraction on isotopic ratios 
Thirty-eight pteropod individuals representing three species and sampled from 12 sites were 
lipid-extracted (LE) (Table S1, supporting information). Significant increases for all species 
in 13C values (mean ∆ = 2.43 ± 0.2‰) and in 15N values (mean ∆ = 1.11 ± 0.8‰) occurred 
in samples with lipids removed prior to SIA compared with untreated (n = 61) samples from 
the same sampling sites (MANOVA: Wilk’s : F2,74 = 105.1, P < 0.001; Table S2, supporting 
information). Multivariate analysis also detected significant differences in mean 13C and 
15N values between species (MANOVA, Wilk’s : species: F4,148 = 28.6, P < 0.001; Table 
S2, supporting information).  
  
The bulk C:N ratios for all species ranged from 3.6 to 8.0 (average 4.6 ± 1.3), which was 
more variable than the LE C:N ratios that ranged from 3.2 to 4.1 (Figure 1A, Table 1). The 
largest magnitude of increase in 13C values (LE – bulk) was detected in the gymnosome 
pteropods (S. australis: +4.0‰; C. antarctica: +4.5‰; Table S1, supporting information). 
The average (by site) bulk C:N ratio for all pteropods was 5.0 ± 1.5, with a range that varied 
between and within species (3.7 – 7.4); however, lipid extracted samples possessed a more 
reduced intersample range (3.2 – 4.1), along with a much lower average C:N ratio of 3.4 ± 
0.2 (Table S1, supporting information). The largest variation in the bulk C:N ratio in a given 
species was measured in C. pyramidata (3.7 – 4.4). C. antarctica was the only species to 
have a mean bulk C:N ratio >7.0, whereas C. pyramidata had the smallest mean bulk C:N 
ratio (4.0 ± 0.2).  
 
Treatment also affected the carbon and nitrogen contents, whereby the range of both % 
carbon and % nitrogen were reduced relative to untreated values, while also demonstrating a 
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net overall increase in both (Figure 1B). The net effect of reduced C:N ratios from extraction 
was a result of a relatively greater effect on % nitrogen (Figures 2A and 2B). 
 
Lipid normalization model comparison and selection 
The results from our modelling approach (13C ~ treatment) determined that 63% of the 
variation in 13C values was accounted for by extraction treatment alone (Figure 3). Multiple 
pairwise comparisons made between each model- and the offset-corrected mean 13C value 
revealed statistically significant differences between datasets except for the models developed 
by Kiljunen et al27 and Syväranta and Rautio15 (Figure 4; Table S3, supporting information). 
When comparisons were made on the average corrected change from bulk to corrected values 
with our average offset value, all values were significantly different except for those from the 
model by Kiljunen et al27. 
 
Effect of lipids on niche dispersion metrics  
The total area was larger for bulk than for lipid-extracted samples, whereas lipid-extracted 
SEAs and SEAcs were larger than those measured for the bulk dataset (Figure 5, Table 2). 
RPP and Hotelling’s T2 tests revealed that the Euclidean distances between centroids of 
isotopic niches measured before and after lipid correction differed significantly from zero for 
all species (C. pyramidata distance = 2.38; p = 0.001; Hotelling’s T2 = 99.81; P < 0.0001; C. 
antarctica distance = 2.84; p = 0.001; Hotelling’s T2 = 97.3; P < 0.001; S. australis distance 
= 2.61; p = 0.001; Hotelling’s T2 = 30.41; P < 0.001). This means that there were statistically 
significant differences in the distances between centroids calculated for treated and untreated 
pteropods of each species.  
 
The total and standard ellipse areas (TA and SEA, respectively) for both large (>210 µm) and 
small (<210 µm)-fractionated POM samples were calculated (small fraction: TA = 1.86‰2, 
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SEA = 1.22‰2; large fraction: TA = 2.18‰2, SEA = 1.47‰2), and subsequently combined as 
one potential food source to compare niche overlaps with the SEAs calculated for bulk and 
lipid-corrected (LC) C. pyramidata (Figure 6A). The 95% probabilistic niche area overlaps of 
bulk and POM standard ellipses were greater than the overlaps between the LC and POM 
standard area ellipses of both bulk and LC C. pyramidata (bulk + POM: 0.34%; LC + POM: 
0.04%). However, when the SEAs of S. australis were compared with that of its potential 
food source, represented by bulk C. pyramidata, overlapping with corrected samples was 
higher than with bulk samples (Figure 6B; bulk + POM, 29.0%; LC + POM, 90.7%).  
 
Comparisons made between pteropod data corrected using our average offset value and data 
corrected using normalization models revealed no significant differences for each niche 
dispersion metric (Figure 7; Table S4, supporting information), including TA (F(3, 7) = 0.05, 
p = 0.985) and SEA (F(3, 7) = 0.11, p = 0.949).  
 
Discussion 
Chemical lipid extraction vs bulk samples 
Lipid extraction consistently produced statistically significant differences in 13C values for 
all pteropod species and sampling sites examined, with a 2.4 ± 0.2‰ average increase 
compared with bulk values. When we modelled the mean effect of treatment on 13C values, 
63% of the variation in 13C values was accounted for by lipid extraction alone. We also 
found that, for all species combined, the lipid extracted samples had significantly higher 15N 
values, by 1.1 ± 0.8 ‰, than bulk samples. This difference in 15N values is not uncommon in 
marine species and is well within the variable offset range (-2.3 to +1.8 ‰) reported by 
Svensson et al36 for several fish and invertebrates. This is probably a function of variable loss 
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of solvent-soluble nitrogenous materials and proteins depleted in 15N relative to bulk tissues, 
such as the amino acid serine, from lipids36,37. This was also demonstrated by the net increase 
in % nitrogen in all species that may have significantly affected the decreasing C:N ratios. 
 
We observed an increase in variability within extracted versus untreated bulk 13C values, 
which some previous studies have reported as a function of removing lipids 19,38,39. We did 
detect a decrease in variance calculated in the C:N ratios of lipid-extracted relative to bulk 
samples. C:N ratios are commonly used as a proxy for lipid content, with high C:N ratios 
assumed to indicate higher lipid content9,27. They are calculated from % carbon and nitrogen 
values, which also each showed decreased variances after lipid extraction. The Bligh and 
Dyer method26 employed in our analysis produced C:N ratios ranging from 3.2 to 4.1 
(average = 3.4 ± 0.2) from all species combined, in comparison with the higher variance 
measured in bulk C:N ratios, ranging from 3.6 to 8.0 (average = 4.6 ± 1.3). Taken separately, 
the gymnosome C. antarctica yielded the highest average bulk and lipid-extracted C:N ratios, 
whereas the other gymnosome analyzed, S. australis, showed the greatest difference in 13C 
values between treatments. These results could point to an incomplete delipidation for C. 
antarctica, particularly given that it is less clear to see the net increase in % carbon from 
these extracted samples than for C. pyramidata and S. australis. They may also suggest a 
potentially strong species-specific response to lipid extraction, consequently pointing to 
greater difficulty when inferring a strong relationship between bulk C:N ratios and lipid 
content. This conclusion is further corroborated by similar responses to lipid extraction and 
acidification of many Arctic and sub-Arctic marine zooplankton assemblages8. 
Unfortunately, due to the low sample sizes of the gymnosomes, we were unable to model a 
species-specific lipid normalization in order to determine whether C:N ratios can 
appropriately serve as a proxy for lipid content at species level. Choy et al32 found no 
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relationship between bulk C:N ratios and ∆13C values in isopod and shrimp species, and 
questioned the utility of approximating C:N ratios for % lipid in many species of marine 
invertebrates and fish8,27. Future directed studies measuring species-specific proportion of 
lipids (measured in dry weight) and its relationship to untreated C:N ratios of pteropods are 
encouraged, with, wherever possible, larger sample sizes.    
 
Normalization model selection and the effect of lipid correction on niche dispersion 
metrics  
The normalization model of Kiljunen et al27 most accurately predicted extracted 13C values 
for all pteropod species combined, and can provide a suitable alternative to chemical lipid 
extraction in pteropod-based isotopic research. This outcome is surprising, considering that 
model efficiency tests in other studies have shown this model to be appropriate for correcting 
13C values from high lipid content tissues such as fish liver40. Although their own model 
provided the best fit (R2 = 0.86) for their subarctic and boreal lakes zooplankton data, 
Sÿvaranta and Rautio15 found that model of Kiljunen et al.27 fitted their data more closely (R2 
= 0.65) than any other normalization model tested. The model by Sÿvaranta and Rautio15 also 
produced an average 13C value closely resembling the average value calculated by data 
corrected via our offset value. This, however, is not surprising considering that this model 
was developed for polar zooplankton. Our results indicate minor differences in the effect of 
mathematical normalization model selection on the niche dispersion metrics of standard 
ellipses and total areas, although not sufficient to distort the interpretation of overall trophic 
structure. Due to our relatively small sample sizes, particularly when accounting for species 
separately, we understand that total and standard ellipse areas can be inaccurate when used as 
a proxy for isotopic niche areas41, and thus exercise considerable caution when interpreting 
these results. Syväranta et al.41 generated simulations of varying sample sizes from among 
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two fish populations and found that sizes greater than 30 were still insufficient to improve the 
uncertainty surrounding niche analyses, particularly when using total area estimations. 
Further research is required to determine the appropriate minimum samples sizes needed to 
perform robust estimations of trophic niche breadth in pteropods using standard ellipse and 
total areas. 
 
Murry et al19 found that, relative to bulk samples, lipid extraction of tissues from an entire 
fish community altered the 13C and 15N values to significantly shift the position of the 
entire food web, rather than to induce smaller scale effects such as relative trophic positions 
among species. Since our normalization model was based on all species combined, applying 
this to correct bulk tissues of all species produced a similar result, wherein the entire 
community significantly shifted without affecting the positioning of each species relative to 
other species. We also calculated species-specific standard area ellipses and centroid 
locations separately for both lipid-corrected and bulk 13C values to determine the existence 
of isotopic niche overlapping with potential food sources, and whether the magnitude of 
overlapping could bias interpretations of resource partitioning. Higher within-sample 
variability was measured in bulk versus lipid-extracted and lipid-corrected 13C values, 
particularly in total area measurements, which was similar to the results Choy et al32 found in 
a number of polar organisms and tissues. Unlike Murry et al19, Choy et al32 did not detect 
community-level change with respect to differences in niche dispersion metrics, and pointed 
at the need to examine community-based niche dynamics at the species level. We measured 
varying degrees of overlapping between the standard area ellipses of pteropod species and 
their potential food sources, with bulk C. pyramidata displaying higher overlapping with 
POM than corrected C. pyramidata, and corrected gymnosome species (C. antarctica and S. 
australis) displaying higher overlapping with C. pyramidata than bulk gymnosome species 
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niches. This variability highlights the need to correct for lipids in untreated samples, and 
shows how ignoring this procedure can affect interpretations of trophic relationships between 
and among species assemblages, particularly if species are directly connected through 
ecologically significant predator-prey interactions or competition.  
 
Conclusions 
Given that we observed variability in niche overlapping measured between untreated and 
mathematically corrected isotopic ratios of pteropods with their diet preferences, we strongly 
encourage the incorporation of lipid correction within the development of research protocols 
involving pteropod-focused niche breadth analyses. Without lipid correction of 13C values, 
be it through chemical extraction or a posteriori mathematical normalization, the magnitude 
of species interactions and resource partitioning can be over- or underestimated within polar 
pteropod assemblages. When analyzing samples possessing similar untreated C:N ratios to 
those observed here (3.5-8.0), and chemical extraction of a subset is not an option, we 
recommend selecting models calibrated to similar ratios and organisms (eg.15,27). We found 
high species-specific variability in relationships between untreated C:N ratios and ∆13C 
values, and thus strongly encourage incorporation of larger sample sizes, although it may be 
challenging for less common species, such as polar gymnosomes. Lipid extraction also 
affected 15N values, and we consequently support analytical treatments of 13C and 15N 
values separately32,42. We advocate using well-developed research protocols, as doing so will 
provide further information about a taxonomic group particularly sensitive to anthropogenic 
change to ocean chemistry. 
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Table 1 Species-specific average (± SD) bulk, lipid-extracted (LE), and lipid-corrected (LC) 
13C values and bulk and LE C:N ratios. LC values were obtained using our calculated 
average offset value of ∆13C = 2.4 ± 0.2‰ from our simplified modelling approach. 
 
Species Bulk 13C LE 13C LC 13C C:N (bulk) C:N (LE) 
C. pyramidata  -28.1 ± 0.9 -25.4 ± 0.6  -25.7 ± 0.9 3.9 ± 0.3 3.3 ± 0.1 
C. antarctica -28.3 ± 1.0 -26.6 ± 1.2 -23.7 ± 0.8 6.4 ± 1.4 3.8 ± 0.4 
S. australis -27.9 ± 1.0 -24.0 -25.3 ± 0.9 5.1 ± 0.4 3.3 
 
 
 
Table 2 Total area (TA), standard ellipse area (SEA) and SEA corrected for small sample 
sizes (SEAc) for all pteropod species combined. 
 TA (‰2) SEA (‰2) SEAc (‰2) N 
Bulk 10.38 2.29 2.33 61 
Lipid-extracted 9.35 2.35 2.41 38 
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Figure 1. (A) Relationship between treatment (N = bulk, Y = lipid-extracted) and C:N ratio; 
(B) relationship between percent carbon and percent nitrogen for both treatments (N = bulk 
(black), Y = lipid-extracted (grey)) and grouped by species (circle = C. pyramidata, triangle = 
C. antarctica, square = S. australis). 
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Figure 2. Relationship between (A) % carbon, and (B) % nitrogen and C:N ratio for each 
treatment (N = bulk (black), Y = lipid-extracted (grey)) and species (circle = C. pyramidata, 
triangle = C. antarctica, square = S. australis). 
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Figure 3. Relationship between each treatment (N = bulk, Y = lipid-extracted) and 13C 
values. 
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Figure 4. Summary results of multiple pairwise comparisons made between (A) mean 13C 
values (black dots) derived from correcting 13Cbulk values by each model with the mean 
13Ccorrected value derived from our offset value (“This study”); and (B) ∆13C values (13Cbulk 
- 13Ccorrected) derived from each model with the ∆13C values obtained from our offset value. 
Dark grey vertical bands denote standard deviations of the mean values obtained from using 
our offset value to correct bulk. The mean 13Cbulk values in (A) are denoted by the dashed 
vertical lines with the standard deviations of the mean shown by the light grey vertical bands. 
Horizontal error bars refer to standard error of the means. Asterisks refer to values that are 
significantly different from the means obtained from this study. 
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Figure 5.  Bulk (black) versus LE (grey) 13C and bulk 15N values for C. pyramidata 
(circles), C. antarctica (triangles), and S. australis (squares). Ellipses represent ten random 
elliptical projections of trophic niche space and contain ~40 % of the data. 
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Figure 6. Isotopic niches including standard ellipses (grey dashed line) of pteropod species 
applied to bulk (white circles) and lipid-corrected (LC) 13C values (dark grey circles) for 
(A), C. pyramidata, and (B), S. australis. Red points are centroid values. Green and yellow 
stars represent standard area ellipse of marine POM and lipid extracted C. pyramidata, 
respectively. 
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Figure 7. Differences in standard area ellipses (SEA) and total area of the convex hull (red 
circles) between data that was not lipid-corrected (bulk), and corrected using each 
normalization model for (A) C. pyramidata, (B) C. antarctica, and (C) S. australis. The 
bottom and top of the box are the 25th and 75th percentiles, respectively; the horizontal line 
bisecting the box is the 50th percentile. The whiskers span the highest to the lowest value 
observations; outliers (grey circles) are the observations plotted outside of this range. 
 
